
RD-A165 593 GRATING INTERFEROMETRIC SEHSORSMU ENVIRONMENTAL 111
RESEARCH INST OF NICHIGAN ANN ARBOR A N TA! FED S
ERIN-163?N-i2-F ARO-18491.6-PH OAA29-82-K-17?3

UNCLASSIFIED F/ 17/ L

mhhhhhhhhhmmun

Ehmmhmmhhhhlm

m~hEEhhhmh



[11

1.2 LA~

IEIII~.'.::22.5

T.

MICROCOPY RESOLUTION TEST CHARTU16 A

,:...

S-. . -~*:-::.: ~ . ~ .... . . ~. 3 s4:~:.N:. .. 2 <---.*:.:



LII'

%0

* GRATING INTERFEROMETRIC SENSORS

W) ANTHONY M. TAI
Infrared and Optics Division

* CD FEBRUARY 1986

DTIC
ELECTE
MAR 19 3

D

U.S. Army Research Office
LLJ P.O. Box 12211

LsL Research Triangle Park, NC 27709

EN V I R 0NMENTAL

L~SEARCH INSTITUTE OF MICHIGAN
BOX 8618 0ANN ARBOR 0 MICHIGAN 40107

I8 'ea 3



UNCLASSIFIED - A~~ - *

SECURITY C..ASSIFICATioN, QP THIS PAGE-f L)-

REPORT DOCUMENTATION PAGE
I& REPORT SECU.RITY CLASSIF-CATION 11b. RESTRICTIVE MARKINGS

UNCLASS IF IED_________________________
2. SECUI TY CLASSIFICATION AUTHORITY 3. O-STRIBUTION,AVAILABILiTY OF REPORT

2b. OECL.ASSIF.CATION. DOWNGRADING SCHEDULE

4 PERFORMING ORGANIZATION REPORT NUMBERIS) S. MONITORING ORGANIZATION REPORT NuMIERiSI .).

163700-12-F

Ba, NAME Or PERFORMING O RGANIZATION 5b. OFFICE SYMBOL 7@. NAME OF MONITORING ORGANIZATION
EnvironmentalI Research Insti- f aDpdicablop

tute of Michigan U.S. Army Research Office
6 c. ADDRESSCi ~t sate .nd ZIP Code J 71b. ADDRESS iCIty. State and ZIP Code)

Infrared and Optics Division P.O Box 12211
P.O. Box 8618 Rsac ragePrN 70
Ann Arbor, MI 48109 Research___Triangle ___Park,__NC__27709

b. AMEOF uNDING,SPONSOMING 9b FIESMO . PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANI1ZATION If applicableI

U.S. Army Research Office ________Contract DAAG29-82-K-0173
Bc. ADDRESS City S tate and ZIP Code) 10. SOURCE OF FUNDING NOS.

P.O. Box 12211 PROGRAM PROJECT TASK WORK UNIT

Research Triangle Park, NC 27709 ELE ME NT NO. NO. NO. NO

11 TiTE fncIuae 3ec.ritv LadUfIcajIon,

Grating Interferometric Sensors
12. PERSONAL AIJTHOAISI

Final Technical Rept FRM .L1a2 ~QJj
16. SWPPLE%4ENTARY NO0TATION

I? COSATI COOES IB& SUBJECT TERMS 'ContInue anfvv'itive if neciruarv and identify by block number)

f- IE LD 5RCQP SUB.31R

19l\ ABSTRACT Continue OnI nierse if necuhsary and identify by block numbedr

A new class of grating-based interferometric sensors are introduced for target discrimi- -.

nation, detection and passive synthetic aperture imaging. It is shown that the grating-
based interferometric sensors provides superior system sensitivity and flexibility. Sever-

*al design approaches and operating modes of the grating interferometric sensors are pre-
sented and experiments demonstrating the proposed system concepts are described.-

FI

% 20 OiSTRISuTION,AvAILABILITY OF ABSTRACT 21 ABSTRACT SECURITY CLASSIFICATION

UNCLASSIF-EDUNLiMITEO -: SAME AS PIPT Z OTIC USERS C UNCLASSIFIED
22. NAME OF RESPONSIBLE INDIVIDUAL 22b TELEP04ONE NUMBER 22c OFFICE SYMBOL

00 FORM 1473, 83 APR EDITION OF I JAN 73 IS 0OB0OLETE.
SECURITY CLASSIFICATION OF THIS PAGE



PREFACE

The work reported here was performed in the Electro-Optics
Department of the Infrared and Optics Division, of the Environmental
Research Institute of Michigan (ERIM). This work was sponsored by the
U.S. Army Research office under Contract DAAG29-82-K-0173.

The report covered work performed between September 1, 1982 and
October 31, 1985. The contract monitor was Dr. B. D. Guenther of the
Amy Research Office. The principal investigator was Anthony Tai.

Major contributors to this effort were Anthony Tai, C. Aleksoff, K.
Ellis, 1. LaHaie, and N. Subotic.j

Accesion For

NTIS CRA&IV
DTIC TABQ
U4.iannou-ced

B y....... .....

Availability Codes

Avii a: -d Ior

.. .. . . ..................



CON TENTS

Preface...................................................... iii

List of Figures ............................................... vi

1. Introduction............................................... 1

2. Basic Principle............................................ 4

3. Achromatic Grating Interferometer ........................... 11

-. 4. Passive Synthetic Aperture Imaging .......................... 15

5. Moving Target Sensor....................................... 20

6. Summnary................................................... 22

References.................................................... 23

Appendix A. Grating-Based Interferometric Processor for Real-Time
Optical Fourier Transformation...................... 25

Appendix B. Passive Synthetic Aperture Imaging Using an
Achromatic Grating Interferometer................... 36

v



I 

'YjRIM

LIST OF FIGURES

1. System Geometry for Passive Interferometric Imaging ............ 5

2. System Geometry for Passive Synthetic Aperture Imaging with a
Grating Interference....................................... 12

3. Wavelength Diversity As Implemented By the Translation of
Grating G3 ................................................ 17

4. Band Pass Synthetic Aperture Generated by Object Rotation and
Wavelength Diversity....................................... 18

V i



[.r.

L,,~~ ."-'%7 "

GRATING INTERFEROMETRIC SENSORS

INTRODUCTION

Conventional remote sensing approaches provide information on the

intensity distribution of the object scene with a resolution defined by

the real collection aperture of the sensor. In this research project,

we explored the use of coherence measurements to provide additional

information that may help to enhance the capability of a remote sensor

to discriminate between different targets or between targets and the

background in the visible wavelengths. The enhancement can be

accomplished by improving the image resolution beyond that permitted by

the real collection aperture or by providing information beyond the

intensity distribution of the object scene. In particular, the use a

grating interferometer to perform the coherence measurements was

examined.

It is useful to separate coherence measurements and their

applications into two categories: 1) Measurement of the field coherence

at the object plane where the object scene is under partially coherent

illumination. 2) Measurement of the field coherence at the detection
plane where the object scene is self emissive or under non-coherent

illumination.

Measurement of the field coherence at the object plane can be

performed by mapping the object field to the detection plane with an
imaging system. We have shown that for an actively illuminated target,-F

the image obtained through a scattering medium can be significantly

enhanced by measuring the coherence of the image field with a grating

interferometer and removing the contribution of tht incoherent scattered

light to the image intensity (1-3]. Coherence measurement at the object

L:-:::.:.
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plane can also be used to obtain additional information on a target

scene. When partially coherent field is reflected by an object surface,

its coherence properties may be altered by differing amounts, depending

on the composition of the surface material and texture (surface height

variations). Thus by measuring the coherence of reflected field,i-.,

unresolved surface height variations may be inferred. Speckles, which

are produced by mutual interference of adjacent pixels can be used to

determine the coherence of the object field. It is well known that by

Illuminating a surface with partially coherent light whose longitudinal

coherence length is of the same magnitude as the surface height

variations, the texture of the object surface can be determined from the

contrast of the image speckles [4,5]. Such a technique has been applied

in metrology to study the surface texture of machined parts. The

approach however, has not been applied to study the surface height

variations over a large surface area for the purpose of target

discrimination in a remote sensing system.

If the object field is self-emissive or under non-coherent

illumination, the field at the object plane is simply incoherent, no

useful information can be gained from measuring the coherence at the

object plane. However, there is a Fourier transform relationship

between the intensity distribution of the object scene and the spatial

coherence at a distance detection plane. This relationship is utilized

by a new class of passive sensors to achieve image resolution beyond the

diffraction limits of their input apertures. The grating interferometer

is capable of measuring the complex spatial coherence of an optical

field very efficiently. We shall show In this report, how the grating

interferometer may be used to detect the presence of moving targets and

to perform passive synthetic aperture imaging.

While we have utilized the grating interferometer for object plane

coherence measurements to achieve improve seeing through scattering

medium and target discrimination [1-3], the same approach can also be

implemented with conventional interferometers albeit less easily in some

.......................................
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cases. The grating interferometer however, offers some unique
capabilities when used for coherence measurements at the detection plane
to perform for example, synthetic aperture imaging. For this reason, we
shall concentrate, in this report, on the use of the grating
interferometer for detection plane coherence measurements.

In following sections, the van Cittert-Zernike theorem which forms
the basis for passive interferometric imaging is first reviewed. The

N measurement of the mutual coherence function with a grating
interferometer is then described and the possible uses of the
interferometer for passive synthetic aperture imaging and as a moving
target sensor are discussed. An overview of the grating interferometric

sensors is given in the main body of the report. The operation of the
grating interferometer and its uses in incoherent optical processing and
passive synthetic aperture imaging are described more comprehensively in
the articles [7,8] attached as the Appendices.

3
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BASIC PRINCIPLE

Astronomers have for some time made use of interferometric .'

techniques for astronomical imaging, from Michelson's simple

two-aperture interferometer to sophisticated very long baseline

interferometers that span the globe. They are all based on the van

Cittert-Zernike theorem which relates the intensity distribution and the

mutual coherence function of the fields in two widely separated planes.

Consider the system geometry Is illustrated in Figure 1. An object

field radiates according to its blackbody temperature and the emitted
radlaiton is received at (x1 ,Yl) and (x2 ,y2). Assuming that the emitted

radiation is quasimonochromatic (or made so by spectral filtering), then

by using the Huygen-Fresnel principle, the wave disturbances at (ala 1)

and (,) due to the radiation from the object field A can be written

as [6].

( Xl, y1 ) = I o("1)I (kRl-at) dGldl

E-x.r- J'JE(*,,f13) Ra 1d1(8

and

-i( kR2 -8t)

E 2  , (Q 2 , 2) (2)

where X is the wavelength corresponding to the center frequency of the
filter, Eo (Ci,B) and Eo(c 2,B2) are the wave disturbances at

and ( 2 2 ) R1 and R2 are the distances between (cl,8 1) - (x1  yl) and

( - (x2,y2) respectively, k is the wave number and w the angular
frequency of the radiation. Since the radiation is assumed to be

quasimonochromatic, we shall from here on, neglect the time varying _

4
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Figire 1: Sy/stem Geometry for Passive Interferometric Imaging.
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phase factor an let E E E~e

The mutual intensity between q and qis given by

J(xi1 1 x, 2  < E(x ,)E*(xy)(3

where <6> denotes ensemble averaging. Substituting Eq. (1) and Eq. (2)

into Eq. (3), we obtain

-ik(R -

1( rtEM )E(t ) e dx dddJ~11yl;x 2 'y2 2 j< s 1 1,01 )E ' 2  R R 1x d 1  2 y21 2 1

(4)

Since the emitted field is spatially incoherent,

<E(al1 fGl) E (Q2,32)>=O for (x1,y1 )=(x 2 'y)

=I(M,B) f or (t )(

where I(a~8 is the intensity distribution at the object plane. The

mutual Intensity can therefore be simplified to

-ik(R - R
1 e 1 2

J(X1, 1 x, 2  Ii JJ(a, 3) R R dada (6)
1 12

The complex degree of spatial coherence (CDSC) is related to the mutual
Intensity by [6]

6
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J( (x'Yl; x2 'y2)
;"- I~xY 1 ) I~x2Y 2 ) (7)

whe re

I(xy)I(x 2 Y)z dad(:-'~ ~ I( ,Y 1 -I ' 2)  2 (8)-,
R

Let us assume that the a - B plane and the x-y plane are parallel to

each other, we can then write

R 2 (x- a)2 + (y, - )2 + R2 (9)

where R is the separation between thetarget plane and the detection

plane.

R, can be approximated by

2 )2(X+-,) (yv- (10)

and similarly

(×p_.:)2 + ryg _3)2_"

-9 R +

Thus,

2 9 2 2
- . y) -c(; -y;

- . . .

-2 ~ (12)

7
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Substituting Eq. 2-14 into Eq. 2-7 we obtain

A (UiV (arr i2x(ua+va) ddUv = 2 j I(mj)ei2dmd(13

fI (o,1)dda (13)-

where u = (x1 - x2)/RX, v = - y2)/Rx and

2 2 2 2
(X +Y )-(x 2 + 2 1

2RA

The CDSC, Pl1 (UV) is equal to the Fourier transform of the object

intensity distribution multiplied by a quadratic phase. If the far

field condition is satisfied, then i = 0 and e ~ 1. The CDSC becomes

t1 2 (u,v) = K JfI(,.e)e d2a(ues) (14)

where K is a complex constant.

We see that the CDSC is related to the intensity distribution of

the object field by a Fourier transform relationship. We can therefore

reconstruct the object image by measuring the two-dimensional coherence

function and performing an inverse Fourier transform.

8.
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The CDSC can be obtained with Young's simple two-pinhole

arrangement or equivalently, Michelson's stellar interferometer, by

measuring the complex visiblity of the interference fringes. The

complex fringe visiblity function is defined as

VlxVyl;Ix 2 y 2) I(X1ly) + I(x2,)Y2 1  )(XVyl X21 2 1

(1I5)

Except for very near field conditions, we can as before make the

approximation, I(xly 2 ) = I(x2 ,y2) and we have

V(u,v)a P(u,v) (16)

To measure the CDSC via the visibility function is not very efficient

since the interference pattern must be scanned out with a small detector .".

to determine the phase and modulation depth of the sinusoidal fringe

pattern. An alternate approach is to use a beam splitter to recombine

the fields gathered at (x1 ,yl) and (x2 ,y2 ) such that they propagate

coincidentally. The entire output can then be focussed on and detected

by a photo detector. It can be shown that the output corresponds to the

inphase portion of the Fourier transform sampled at spatial frequency

(u,v) (see Appendix B). The quadrature part can be obtained by shifting

the position of the beam splitter to generate a 7/2 phase difference

between the recombined fields. By changing the positions of (xl,yl) and

(x, different spatial frequencies of the object is measured. A

large aperture can then be synthesized in time.

We can see from Eq. 15 that the Fourier transform kernel is scaled

by wavelength. This fact is used in synthetic aperture imaging systems

to generate the radial fill of the synthetic aperture. This wavelength N_

dependency however, also limits the instantaneous spectral bandwidth

9
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that can be used with either the active or the passive systems. Opening

the bandwidth too wide will produce a smearing effect in the phase

history signal and reduce the system signal-to-noise ratio. This

restriction does not pose any problem for active systems but it limits

the performance of passive interferometric imaging systems. Natural

emissions and illuminating sources are spectrally very wide band and the

SNR of the images reconstructed with a passive interferometric imaging

system is directly proportional to the instantaneous spectral bandwidth.

System sensitivity can therefore be improved if a means can be found to

increase the instantaneous spectral bandwidth without suffering the

signal loss due to the wavelength dependency of Fourier transformation.

In the next section the use of an achromatic grating interferometer

for passive synthetic aperture imaging of rotating objects in the

visible region is described. The achromaticity of the grating

interferometer permits the instantaneous spectral bandwidth to be

widened up substantially while maintaining the capability to use

wavelength diversity to achieve aperture fill. And as we shall show,

the achromatic grating interferometer also offers other operational

advantages over conventional interferometric systems when used for

passive synthetic aperture imaging.

10
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ACHROMATIC GRATING INTERFEROMETER

The achromatic grating interferometer has been studied extensively

and applied to many applications [1,8-10]. Tai and Aleksoff in

particular, has utilized it as an incoherent optical processor for real

time Fourier transformation [10]. The transform operation is limited to

a single dimension and It could create difficulties in some

applications. This limitation however, does not represent any drawback ,

for synthetic aperture imaging since under most operating conditions, a

long baseline is available only along a single dimension (e.g., along

the fuselage of an airplane).

Since the Interferometer performs the correlation only along a

single dimension at any one time, a two dimensional model, compr:sing of

the direction of propagation and the direction of lateral separation of

the fields to be correlated, will be used to describe the operation of

the grating interferometer. In Figure 2, we show that geometry of a _

grating interferometer that can be used for passive synthetic aperture

imaging. It is composed of three gratings of the same spatial frequency

F. Light waves impinging on gratings G1 and G are diffracted and

recombined at G3 which is placed a distance d from the plane formed by

G and G2. The gratings G1 and G2 also represents the input apertures

and they have a width of A and are separated by a distance S. After

being diffracted by G3, the recombined fields propagate coincidentally

and are focussed down onto a photo detector of width W Let us assume -

as before that the object plane is sufficiently far away that the light

emanated by a point source in the object scene may be considered to be a

plane wave as it impinges on the input apertures of the grating

interferometer. Thus, for a single point source of intensity O(ao) 0
00located at a distance from the optical axis as shown in Figure 3, the

. ~~optical field just before it is diffracted by the grating G3 is equal to ,.,"

_°. .
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Figure 2: System Geometry for Passive Synthetic Aperture Imaging
with a Grating Interferometer.
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E(C0os - 7 l exp 1 ii(p - Flx - ikR' JI- - ikd11 J 2(_ ,c- 1 F:%>

+ exp [i2w(p + F)x - ikRf] -xp2 ikd 4lI- .2(p +F) 2]~ (17)

where F is the spatial frequency of the diffraction gratings, p =

sin[atn(ot/R)]/X and k=21T/X. The corresponding intensity distribution can

be written as

1G~ C0) 1+ Cos [nx-i.(1- 2(p +F 2
-1 )

(18)

where C is an appropriate constant. Using a grating G3 with spatial

frequency F to recombine the beams diffracted by GI and G2, the field

intensity is demodulated back to base band in terms of spatial frequency --

and the intensity distribution right after being diffracted by G3

becomes

I(E CO(%) c s--~+ -~p c 21rd 2~ ) )

(1I 9)

If we expand the square-root terms into binomial series and keep only

the first order terms, we obtain

2F
CO(%)1 cos27(--)J20

We see that the output intensity, to the first order, is not a function

of wavelength. The object scene within the FOV of the interferometer

can be considered as a superposition of incoherent point sources. The

output intensity due to the entire scene can then be expressed as

13
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I (u) -C fO(m) do + C 0(o) cos (2iu ) d..

where

2Fd (21)

which gives a cosine transform relationship together with a bias term.

If we translate grating G3 laterally by 1/8 of a grating period, the

phases of the two fields being recombined are shifted achromatically by

±T /4. It can be shown that the output intensity becomes

I (u) C fO() d + C O(o) sin (2vua) do (22)
0

giving the sine transform of the intensity distribution of the -

incoherent source.

For a given value of F, d and R, the grating interferometer

measures the source spectrum at a spatial frequency of u = Fd/R. Unlike

the conventional system described earlier, the transform kernel is not

wavelength dependent.

A more detailed discussion of the grating interferometer and its

achromaticity are given in Appendices A and B.

14
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PASSIVE SYNTHETIC APERTURE IMAGING

For a given Interferometer geometry, the correlation output

provides the value of the object spectrum at a single spatial frequency.

The system geometry must be changed to generate transform data at other

spatial frequencies in order to synthesize a two-dimensional aperture.

First, if there is relative rotational motion about the optical axis

between the object scene and the interferometer, transform data can be

gathered along a circular arc in the transform plane. Second, if either

the baseline or the detection wavelength Is varied, transform data long

a radial line in the transform plane Is obtained. Combining these two

effects, a two-dimensional aperture can be synthesized. The means to

achieve such an aperture fill will be discussed below.

Let us assume for now that the interferometer is looking straight
down at the object scene located at the optical axis. The

interferometer output provides the transform data at a single point in

the Fourier transform plane. As the object (or equivalently, the

interferometer) rotates about the optical axis, data is gathered along a

circular arc.

Radial fill of the synthetic aperture can be achieved with the use

of baseline diversity or wavelength diversity. Since the spatial
frequency measured is determined by S/RX, it can be changed by varying

S, the separation of the detection aperture (baseline) or X, the

detection wavelength. Baseline diversity can be accomplished with the

grating interferometer by moving the three gratings closer or apart.

However, it may not the desired mode of operation for synthetic aperture

Imaging since it requires the use of large input windows to accomodate

the change in baseline. It is often more preferrable to keep the input

aperture fixed and achieve the radial aperture via the use of wavelength

diversity. On the surface, it may seem that the use of wavelength

diversity with an achromatic system is contradictory. We note however,

that the interferometer has a finite instantaneous bandwidth and the

15
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whole band can be slided back and forth to obtain the wavelength

diversity for radial aperture fill. This is accomplished by changing d,
V%**%,

the separation between gratings Gl-G2 and G3. Recall from Eq. 24 that *6 .
the spatial frequency measured by the interferometer is equal to 2Fd/R.

Changing d thus varies the spatial frequency measured. It can be seen

from Figure 3 that changing d is also equivalent to changing the center

wavelength of measurement X.

The two means of aperture (circular and radial) fill can be used

together to generate a two-dimensional aperture. Unlike tomographic

imaging, synthetic aperture imaging systems generally gather transform

data over an angular range much less than 90 degrees and the

two-dimensional :perture synthesized is typically a segment of the an .
annulus as shown in Figure 4. The image (half-power) resolution In the

ground plane is approximately equal to

S R x R x 2  _ .

U

' Rx Rx,''
-x ______ __(23)v, 2 S sin

where Ae Is the angle of rotation. The resolution in the a direction is

proportional to X instead of X. It is because the size of the

synthetic aperture is proportional to AX/X, the aperture is larger for

smaller X if AX is fixed. For example, a real aperture imaging system

operating at 0.5 m with a 10 cm aperture can achieve a ground plane

resolution of 5m x 5m at a range of 1000 km. A passive synthetic

aperture imaging system with the same real aperture size and an aperture

separation of 2m on the other hand, can achieve a ground plane

resolution of 0.63m x 0.58m at the same distance with X 0.5 irm, AX

0.2 ijm, and Ae = 250.

16
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We have shown (see Appendix B) that a substantially wider

Instantaneous spectral bandwidth can be used with the grating

interferometer than with a conventional interferometer, thereby giving

the grating Interferometer better sensitivity. There are also

operational advantages in using the grating interferometer. In a

conventional system, the measurement wavelengths and thus the spatial

frequencies, are selected with a bank of narrow band spectral filters.

With the grating interferometer on the other hand, it is determined by

the position of the grating G3 which can be varied continuously.

Therefore, continuous radial fill is difficult to achieve with

conventional interferometers (without changing the baseline) but simple

to implement with a grating interferometer. Due to the sampling

requirements, measurement at many wavelengths is often required to

generate an adequate aperture fill. The number of parallel chanels

required could be fairly large (>30). The grating interferometer

provides the option of using a single or a small number of parallel

channels. The aperture fill is obtained by simply dithering a single or

a small set of gratings.

The grating interferometer is also less sensitive to system
vibration and accurate phase shifts can be more easily achieved. It is

because the phases of a diffracted waves are determined mainly by the

lateral position of the grating fringes. Moving a grating laterally by

one grating period instead of one wavelength produces one full wave of

phase shift. It is therefore many times less sensitive to component

motion than conventional Interferometers that employ mirrors and beam

splitters.

A more comprehensive discussion of the use of the grating

Interferometer for passive synthetic aperture imaging is given in

Appendix B.

19
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MOVING TARGET SENSOR

In some applications, the ability of an interferometric sensor to

measure a target spectrum at high spatial frequencies can be used r

without the need to build a full two-dimensional aperture. One such

application Is the detection of a moving unresolvable point target.

Moving target detection can be performed by various means such as

the subtraction of time delayed images. These techniques however, Is

effective only if the target Is of a resolvable size. The energy of an

unresolved point object is spreaded over the resolution cell of the

image and the resulting signal-to-noise ratio may not be adequate for

unambiguous target detection. The SNR can be improved by high pass or

bandpass filtering since the target-to-background energy ratio Is larger

at high spatial frequency than near dc for a point target. An .

interferometer with a long base line can be used to detect the presence

of a moving point target that is too small to be resolved by the real
imaging aperture. Once again, the need to operate with a narrow

spectral bandwidth restricts the efficiency of conventional systems when

used in a passive mode.

Consider the grating Interferometer depicted earlier In Figure 2. L

The output intensity as a function of target position o was found to be

approximately equal to

I (u) CO(a)[l + cos(2ucot)] (24)

where C is the constant, 0(ao ) is the intensity of the point object and
u - 2Fd/R. for a point target moving linearly along the a direction,

the output Intensity becomes

I (u,t) CO(ao) [1 + cos(27u[ o + Tt)]] (25)

-.1
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where T is the translation rate and we have assumed that the intensity

of the point target does not change with position or time. A linearly

moving target thus produces a sinusoidal output intensity which can be

filtered to enhance the SNR. The achromaticity of the grating

interferometer once again leads to better system sensitivity by allowing

the use of a wider instantaneous spectral bandwidth.
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SUMMARY

We have examined the uses of a grating interferometer for passive

synthetic aperture imaging to achieve imaging resolution beyond that [

permitted by the collection aperture and as a moving target sensor to

detect the presence of moving targets that are too small to be resolved. .

We have shown that the achromaticity of the grating interferometer

allows the use of a wider instantaneous spectral bandwidth which in turn

provides a better system sensitivity than conventional systems. In

addition, the grating interferometer offers a simple means to achieve

two-dimensional aperture fill and it is more tolerant to system

vibration.
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.* Grating-based interferometric processor for real-time

optical Fourier transformation

Anthony M. Tai and Carl C. Aleksoff

A processing approach is introduced that is capable of performing I -D real-time Fourier transformations
on the intensity distribution of an incoherent optical input. The processing approach is based on grating
interferometers, and the resulting processors are simple in structure and easily implemented. Possible pro-
cessor configurations together with experimental results demonstrating the operation of the system are pre-
sented. Analyses are given comparing the grating interferometric processor to the Michelson stellar inter-
ferometer and the classical coherent optical processor.

I. Introduction restrictive class of operation. For example, complex

The Fourier transformation is a basic operation in Fourier transformation has not been demonstrated.
many signal processing applications, and it has been Cosinusoidal transformation was demonstrated by
implemented by various optical techniques. Coherent Mertz and Rogers8 using a shadow casting technique.
optical processors' can perform Fourier transformation Such a technique operates in the geometric optics re-
in real time, but they have several familiar limitations. gime, and the achievable space-bandwidth is conse-
Most coherent optical processing schemes require the quently small. The optical vector-matrix multiplier s -
use of an incoherent-to-coherent converter which re- can be configured to perform Fourier transformation;
duces the system speed, dynamic range, and linearity, unlike other more conventional optical processors, the
An achromatic Fourier transform system2 ,3 can be uti- vector-matrix multiplier operates on discrete sampled
lized to relax the temporal coherence requirement and signals. The difficulties in constructing and aligning
improve the system SNR by reducing coherence noise. a large 2-D mask and the limits on the densities of these
The spatial coherence requirement, however, is un- masks restrict the space-bandwidth product that can
changed, and an incoherent-to-incoherent converter is be achieved in practice. The relative complexity of the
still needed. system also diminished its attractiveness.

One-dimensional processing using bulk acoustical In this paper, we introduce an optical processor which
modulators or SAW devices, 4.6 on the other hand, are belongs to a class of processor which we call interfero- • -

often too limited in their space-bandwidth product by metric processors. This processor operates on inco-
physical constraints such as transducer frequency re- herent optical inputs, but its performance is closely
sponse, acoustical velocity, and acoustical attenuation. related to coherent optical processing systems. An
Moreover, processing with an acoustical modulator is achromatic grating interferometer is used in our im-
limited to serial inputs. To be able to process parallel plementation of the processing approach. It is capable -
spatial inputs such as images, a spatial-to-temporal of producing and displaying in real time the real and
conversion is needed. imaginary parts of the Fourier transform of a 1-D in-

Incoherent optical processing techniques such as coherent optical input. Preliminary experimental re-
OTF synthesis6 ,7 permit the use of incoherent optical suits are presented to verify the theory and to demon-
inputs, but their applications are limited to a rather strate the processing approach.

II. Complex Degree of Spatial Cohere"ce
Consider the system geometry illustrated in Fig. 1.

The authors are with Environmental Research Institute of Mich- The radiation emitted by a space-limited object field %
igan. fnfrared & Optics Division. P.O. Box 8618. Ann Arbor. Michigan at the (ad) plane is detected at far-field locations
48107. (xyl) and (x ,,y2). If the radiation is quasi-mono-

Received 30 November 1983. chromatic and spatially incoherent, it can be shown that
0003.-6935/84/142282-1002.00/0. the complex degree of spatial coherence (CDSC) is equal
c' 1984 Optical Society of America. to I.
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f-7.

% frequencies are sampled by physically varying the

4 separation of the detecting apertures. Such a sequen-
tial measurement scheme is too restrictive for use in a
real-time processing system. The requirements that

(X' 2) the input be quasi-monochromatic also makes the sys-
(X 1 Y tem very inefficient for inputs that are naturally poly- u

X chromatic.
Roddier et al. 12 introduced a rotation shearing in-

terferometer for astronomical imaging. Basically the
input wave front is separated into two parts. One part
is rotated 180* with a system of roof prisms or dove
prisms and then recombined. At the center of the field
which is the center of rotation there is no shear. Mov-

R ing away from the center, increasing amounts of shear
are introduced. Thus, unlike the Michelson stellar
interferometer, all the spatial frequencies can be dis-
played at once. This technique is attractive for many
applications, and it was suggested as an alternative to
stellar speckle interferometry. However, similar to the
Michelson stellar interferometer, it requires quasi-
monochromaticity and is, therefore, rather inefficient
in the processing of inputs that are spectrally wide band.
George and Wang 3 combined the rotation shearing
interferometer with an achromatic transform optical
system and demonstrated polychromatic cosine trans-
form. Their system, however, requires a system of'
prisms to perform the rotation and a multielement op-

Fig. 1. System geometry relating the intensity distribution of an tical system for the achromatic transformation.
incoherent object field to the complex degree of spatial coherence at Moreover, switching from cosine to sine transformation

a detection plane in the far field, cannot be easily achieved due to the difficulty in real-
izing achromatic 7r/2 phase shifts using reflective and
refractive optics.

In this paper, we introduce a grating-based achro-
0uL K I exp tuck + vd ad 1 matic optical processor. It is capable of producing, in

ff l real time, cosine and sine transformations of inputs that
where are spatially and temporally incoherent. One major

advantage offered by grating-based systems is sim-
plicity. The grating interferometric processor tends to

and K is a constant. require much less hardware than conventional systems
We see that there is a Fourier transform relationship making it easier to fabricate and set up. The simplicity

between the input intensity distribution and the CDSC of the grating system also makes the processor more
at far field. This relationship is sometimes known as compact and vibration resistant.
the van Cittert-Zernike theorem. Thus, to obtain the
Fourier transform of the intensity distribution of an
incoherent input, one merely has to devise a means to Ill. Achromatic Grating intorfrometer
measure the CDSC at far field. This can be achieved The achromatic grating interferometer has been
interferometrically by measuring the complex visibility studied extensively and applied to many applications.
of the interference fringes formed between the fields at Chang and Leith14-16 applied the interferometer to in-
(x ,y 1) and (X',Y2). The fringe visibility function is terferometric imaging and nondestructive testing.
equal to Leith and Roth' 7 '.5 studied the noise performance of the

2 I..1 , , I(x2,y, interferometer and the synthesis of the convolution
Vixt.) Xv, i~x1 ,vi + I ~x,V2, integral for linear filtering. Collins' 9 demonstrated theS(X1'.i .)' Xconstruction of holograms and matched filters with

incoherent light. Leith and Swanson20 utilized the
For a homogeneous incoherent input. I(xi,yl) = interferometer for the fabrication of noise-free dif-
/(x,,y., and the CDSC is space invariant in the far field. fractive optical elements. Tai and Aleksoff2 l employed
Thus we may write the grating interferometer arrangement in an imaging

system for improved imaging through scattering
media.

With the Michelson stellar interferometer and other Leith and Chang,16 in particular, have recognized the
,imilar interferometric imaging systems, the spatial ability of the grating interferometer to perform Fourier

15 July 1984 / Vol. 23, No. 14 APPLIED OPTICS 2283
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Fig. 2. Single-grating achromatic interferometer: (a) basic geom-

IAGE O etry; (b) using a beam splitter and a telescopic imaging system to
sAl sPL.T tES decode the processor output; (c) imaging the fringe volume to a plane

(C) away from the grating to access the zero spatial frequency.

transformations. Their interest, however, was pri- a spatially incoherent line source with intensity distri-
marily in imaging where the image of an object was re- bution f(a) extending from a = 0 to a = 1, the output
constructed by performing an optical transform with intensity distribution within a constant factor is
a coherent optical processor. To be able to utilize the I
interferometer as a processor, an appropriate decoding 1(x.Z) - f((a) I + coa4rF - da. (7)
technique must be developed to produce a complex f

output that can be efficiently read out or interfaced to The intensity along the optical axis at x = 0 is
a computer. f(a)11 + coswa)da

The simplest achromatic grating interferometer that 1(z) = -.(.c.d
can be realized is composed of a single grating. Con- I
sider the optical arrangement depicted in Fig. 2(a). For = o f(a0da + Jo ((a) coaada. (8)
a single point source located at a RN a, the field ampli-
tude in the volume where the kl diffracted orders where w = 4rFz/f.
overlap is equal to The first term is simply a constant bias, and the sec-

ond term we recognize as the cosine transform integral.
E(ao) - Cv'- ) Thus by reading out the intensity distribution along the

Jexpli2ir(Po - F)x + ikz%/ - Xz(Po - F)2 1 optical axis, we obtain the bipolar cosine transform of
+ exp(i2r(Po + F)x + ikz1 - X(Po + F)Zit, (4) the 1-D input intensity distribution plus a constant bias.

We emphasize that the expression in Eq. (8) is not a
where k - 2r/X,S(ao) is the intensity of the point function of wavelength. The transformation is per- r
source, C is a constant, and P0 - sin(tan-Iao/f)/,, f is formed achromatically.
the focal length of the lens, F is the spatial frequency of The single-grating interferometer provides an ex-
the grating, and X is the wavelength of the source. The e sigleran ifteren prides an ex-frne tremely simple n'eans of achieving optical transfor-
corresponding light intensity distribution in the fringe mation achromatically. However the information is
volume can be written as displayed as an intensity distribution along the optical

2 1 Fx 2 rz axis, which is rather inaccessible. In particular, the zero
* -. =lspatial frequency is located at z - 0, right at the surface

of the grating. One way to read out the intensity dis-
lvi1 - ?(Po + F) - X(Po - F)91• (5) tribution along the z axis is to place a very thin beam

splitter along the z-y plane at x - 0 as shown in Fig.
Using a first-order approximation, the intensity dis- 2(b). The intensity distribution can then be imaged to
tribution can be expressed as a convenient output plane to be measured. Unfortu-

ii nately, it is not straightforward to place such a beam
(ao'x.z) ICl2S(ao) 1i +cos 4rF Ix - L-211. (6) splitter right up against the grating. It nevertheless can

be done using special optics. One may image the fringe
Now, if instead of having a single point source, we have volume directly with a telescopic imaging system as

2254 APLUED OPTICS / Vol. 23, No. 14 / lSJuly 1964
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"' // which is, of course, the sine transform of the input [(a). ":-
OL . Thus both the real and imaginary parts of the complex '

, ----. .aiJ-- J~l transform output can be obtained. We emay note that
" the shifting of the grating produces a 7r/2 phase smhift for

.... " " all wavelengths. The achromaticity of the system. is
\, maintained. This is in contrast to other interferometric "-"systems using reflective or refracting optics. 1'1

whOnce again, the intensity distribution along the z axis
scan be read out by placing a thin beam splitter along the

Fig. 3. Multiple-grating achromatic interferometer. x-z plane as show cn Fig. 4. The intensity distribution

along the beam splitter is mapped onto a convenient
output plane outside the fringe volume using a one-
ato-one telescopic imaging system.cssowin .Howevermae tffrtinge oulde be s This simple implementation causes several problems.

S t d g- The beam splitter has to be very thin; a pelicle beam
verely limited by the numerical apertures of the lenses. splitter theA better approach is to utilize ahr atin rrange- splitters shnf itge. The itendsty di stibtei

aln h emsplitter ismappedelynto a tne c onveienate.

ment similar to that of Leith and Chang"4 as shown in Although this is not a fundamental problem and can beFig.3. The first grating G has a spatial frequency of usn ae-F, the second and third gratings are coplanar, and both oolesic iag ytem.
nate arrangement for the demonstration. polm

have a spatial frequency of 2F. The input light field is The light distribution in the output fringe volume is
split into two first orders and the first grating and then
recombined by the second and third gratings, G2 and h--

G3. A new fringe volume is formed about z = 2D, ac- I(XyZ '(a 1 + Cos 4rF X ad.
cessibly away from any grating. Moreover, spurious y o fI - d J""
diffraction orders can now be easily removed to elimi- If we place a fourth grating with spatial frequency F at
nate the spurious fringes and added bias that may z = zo as shown in Fig. 5, the grating will demodulate the
otherwise be introduced. With a single point source light back to zero spatial frequency, and the output light
located at a = ao, the light field at the new fringe vol- intensity becomes
ume is equal to
E( ox.Y I - C% S(o) -1exp(12r(P,) - Fix ,,o cos f

+ ,kD. - r()P + F) which in effect gives the cosine transform of f(a) sam-
+ ik(z + D)v I - A-T(Po - F)-' pled at spatial frequency 4irFzo/f. By translating the
+ expI21r(Po + Fix + ihD 1 - X TPi - FV

+ Ak(z + Ell I - -iP + F)}. 19)

The corresponding light intensity distribution can be 9EPSLTOt

written as L

1(X.Z) I iCl 2S(a)(1 + cosl4rFx
+ kzk t - %(Po +- F 2 

- v T - X2(Po - F)I). (10)

which can be approximated by L

I1I .,) = I C I i II + Cos[4,rF (x - )I Ilf
For a 1-D signal along the cy axis ranging from 0 to l. Fig. 4. Mapping the transform output in the fringe volume to a

For l-Dsigal aongthe axi ragingfro 0 t o n~enient output plane using a beam splitter.
the output intensity distribution becomes

/)x.z)= f'i) I + cos[41F X - do 121 " "

At x f 0. once again we have the cosine transform re-lationship /"

Ie) fi i I + c,)si(, )idii. 1l31 . .I'-""
To perform a Fourier transformation. both real and -

imaginary output data are required. By simply trans-
lating the grating (., along the X, direction by one-
fiurth of' a period (i.e.. r 2 phase shift), the light in- Fig .Sampling t spatial trequencies with a translating fourth
tensitv distribution along the z axis becomes grating.

15 July 1984 Vol. 23, No. 14 / APPLIED OPTICS 2285
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transversing the fringe volume. However, the presence
o- spurious diffraction orders may substantially degrade
the transform output. In addition, transform infor-
mation near dc may not be displayed due to blockage

- r- 0, by the edge of the tilted grating.
When only cosine transforms are performed, the

input must be either single sided li.e.. 0 _5 it l1or an
.".- _ ,even function [i.e., /(() = f(-t}l to avoid ambiguity.

With a dual-channel system, however, the input is no
" ,, longer limited to being single sided or even. The pro-

cessor is actually performing the decomposition
S-:f(ai}costa)da i

Fig. 6. Decoding the transform output with a tilted fourth grating. f exp(-w )da - - d

fourth grating along the z axis over the entire fringe box, - ((a) sinlwald.
the cosine transform output can be scanned out.
However, such a translation technique takes time, and .7,
our goal is real-time operation. where f (a) is an arbitrary real and non-negative func-

We note that Eq. (15) is not a function of x and y. tion, which in general is a combination of even and odd
The sampled cosine output can be obtained by mea- parts. That is, the decomposition is not in terms of the
suring the intensity at any point of the output plane. If cosine transform of the even part and the sine transform
we tilt the fourth grating toward the x -z plane so that of the odd part but rather in terms of 9r and J1. which
it traverses the fringe volume as illustrated in Fig. 6, are the real and imaginary parts, respectively, of the
different parts of the grating along the y direction will Fourier transform. In this operating mode, the input
be sampling the intensity at different positions along can extend from -I to I with unique information on both
the z direction. The output intensity distribution be- sides, and the space-bandwidth product of the proces-
comes sor is in effect doubled. This doubling of the space-

1 4raF tano'1  bandwidth product can be considered to occur because ,
11)1 ffi [1 -)- cos - • da. 116) the system acts as a dual-channel processor simulta-neously performing the real and imaginary parts of the

which can be written as Fourier transformation. A more detailed discussion on
the space-bandwidth product of the grating interfero- L

, K f(a)da + f (a) cos(w a da. 17) metric processor is given in a later section.

IV. Experimental Rult.sK- where
An interferometric optical processor was set up using

w t4rFv tano)/f, the configuration illustrated in Fig. 6. As the input, a . -

and 0 is the tilt angle of the fourth grating. ground glass diffuser was backilluminated by an unfil-
Once again, a biased output of the cosine transform tered xenon arc lamp to produce an incoherent light

is obtained. However, the spectrum is now displayed source, which in turn was used to illuminate a slit and
along the w' direction, which is orthogonal to the a axis. transparency. To test if the system can produce the
The cosine spectrum, therefore, lies along a direction correct Fourier transform output, a transparency with
that is perpendicular to the 1-D input, an intensity transmittance of I + cos(27rga) was used.

If we translate the fourth grating by one-eighth of a Thus the input is given by f(a) - rectl(a - ao)LIII +
period (i.e., ±ir/4 phase shift), we obtain cos(2w'ga)]. The cosine/sine transform outputs were

read out using a 1024-element linear detector array. In
= Cfiada + f(alsiniw'a)da 1L8) Fig. 8(a), we show the cosine transform output obtained
J' d + swith the interferometric processor. For comparison.

or the sine transformation of f(a). we computed the Fourier transform of a function:
To perform complex Fourier transformations, we

need both the real and imaginary parts. The cosine and "
sine transforms can be displayed simultaneously by .....
using a split grating as the fourth grating at the output

* as shown in Fig. 7. The grating lines at the two halves
of the grating are phase shifted by 7r/4. This produces
a cosine transform at one side of the output and the sine
transform at the other.

We note that the tilted grating decoding technique c:o 2, '

may also be applied to the single-grating interferometer
by placing the tilted grating against the first grating Fig. 7. Simultaneous cosine and sine transformations,

2206 APPLIED OPTICS / Vol. 23, No. 14 15 July 1984
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obtained and digitally computed results. The small
phase error might have been caused by irregularity in

Wop- caf the local frequency of the gratings.
The fourth grating was then translated by one-eighth

Am .of a period to produce a i/4 phase shift on the recom-
- .bined beams. The optically obtained sine transform

output is shown in Fig. 8(c). For comparison, the cor-
responding computed imaginary part of the Fourier
transform is shown in Fig. 8(d). Once again, the optical
output matches the digitally computed result.

% A, ow "AI cm V. Compwison to a Michlso Stellar lnterferometer
- ----- I The operation of this system can be explained more [

intuitively by going back to the Michelson stellar in-
terferometer. The Michelson stellar interferometer in
its basic form is simply two apertures separated by a
distance d as shown in Fig. 9(a). The CDSC is obtained
by measuring the complex visibility of the fringes
formed for different separations of the apertures. We

1s or sim see from Fig. 9(b) that we have a similar situation with
the grating interferometer. The interfering light fields
are sheared by an amount Ax - z' tan[sin-I(XF)), where
F is the spatial frequency of the grating. Thus, similar
to the Michelson stellar interferometer, two parts of a
wave front separated by a transverse distance Ax are
made to interfere, and the resulting fringe visibility
along the z axis, therefore, follows a Fourier transform

fill D~tal S." relationship with the source intensity distribution.
Unlike the Michelson interferometer where the visi-
bility for each value of Ax must be measured separately,
the grating interferometer presents the interference
fringes for the different shear distances simultaneously -.at different positions of z. This interferometric optical "

Fig. 8. Optically generated cosine and sine transforms vs the digitally a e oTrp
computed versions.

f'la f Wal rect [I + cos2irga + olexp(oi), 119)

where rect(a - ao)/LJ i 1 for ao - L/2 $ < ao + L/2,
W(a) is an apodizing factor added to account for the
nonuniform illumination of the input, ao is the offset
of the input from the axis, g is the spatial frequency, (A
is the phase of the input cosine function, and 0 is an
arbitrary phase. . .

The choice of the grating position that is designated
as cosine or sine transform is arbitrary and unimportant
as long as an exact 7-/2 phase shift is introduced between- '
the sine and cosine transforms and a consistency is
maintained. The difference in the outputs caused by
different initial choices of the grating position is simply
a constant phase. (A similar situation arises in coherent
optical processing where a coherent reference beam is 5 >
introduced to measure the complex output of the optical Z -
processor.) In our experiment, the constant phase term
expli) was obtained by varying 0 in the computation
until the real part of the zero order of the digital Fourier
transform matched that of the optical output. In Fig. Fig, 9. C,,mparison with a Michelson-Stellar interferometer: ,al
Sib) we show the computed real part of the Fourier Michelson tellar interterometer: ibi simultaneous display of all
transform. Except for a small phase difference, there .patial frequent ies with the grating interterometer: (c) wavelength-
is a very good correspondence between the optically dependent shearing of input wave front.

15 July 1984 Vol. 23. No. 14 / APPLIED OPTICS 2287
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7 , ,,we compute the space-bandwidth product (SBWP) of
the single-grating and the multiple-grating interfer-
ometers. The approximations and assumptions used

T in the computation are listed:
(1) The angular bandwidth of the gratings in the

processor are very wide (e.g., surface relief gratings).
(2) The spurious diffraction orders are not a problem,

f -and no stops are used in the system. (This assumption
Fig. 10. Shifting of fringe volume for off-axis input point, is always valid for systems that utilize beam splitters to

demodulate the output. It is also valid for the multi-

pie-grating system using a tilted fourth grating for
pr o ioutput demodulated if the gratings are properly fabri-
processor is. therefore, basically an interferometer that cated. The effects of spurious diffraction orders will
is capable of measuring in parallel the 1-D CDSC of a be discussed in a later section.)
field emanated from a homogeneous incoherent line (3) The gratings are of sufficient size that the entire
source at far field as created by the collimating lens. field over the full angular bandwidth is diffracted by the

The spatial frequency as measured by a Michelson gratings.
interferometer is given by u = 2rAx/Xf, which is (4) The field distribution along the optical z axis is
wavelength dependent. A Michelson interferometer considered as the output plane. [In actual system op-
can, therefore, operate only with quasi-monochromatic eration, it is necessary to transfer this output plane to
radiation. To make the system achromatic, a variable a more accessible plane using a beam splitter or a grat-
amount of shear must be introduced so that &x ( MIX f ing. This analysis is directly applicable to a system that
constant. The amount of shear introduced by the utilizes a beam splitter to demodulate the output (Fig.
grating interferometer varies with wavelength, since to 4). With the use of a tilted fourth grating, however, the
the first order, Ax - 2FXz, as illustrated in Fig. 9(c). performance characteristic may be degraded in the
The spatial frequency is thus u = 41rFz/f, which is decoding process, and the system SBWP may be lower
wavelength independent and hence achromatic. than computed.] -. -

(5) First-order approximations are used to describe
Vi. Compaiom to Cohorent Optical Procsing the operation of the interferometer.

Although the interferometric processor operates on For both the single- and multiple-grating interfero-
incoherent inputs, its performance characteristics are metric systems, except for the change in coordinate
very similar to a coherent optical processor. For a co- position, we have
herent system, the transform relationship can be written
as I(z)= f'( )da+ yf(a)cos(a)da,

F(p) f f(a) exp i-"ra da. (20) where w = 4irFz/f.
Consider specifically the multiple-grating processor

and for the interferometric optical processor, as illustrated in Fig. 10. The fringe box translates down

W - co,(4rFza or up depending on the position of the input point. For
FRZ) f.(a) C f- dO (21) a point input at a f a0 , the fringe box extends along the

and z axis up to

Fi(z) f a)sin (4-Fza) da. (22) z 2 ' ." T.

The difference between the two processors is in the where
scaling factors 2r/Vl and 4?rFf. The scaling factor forI )
a coherent optical processor is inversely proportional T tan (in - I XF - sin tan-' (23)

to wavelength, while the scaling factor for the interfer- rresponding to a cutoff spatial frequency of
ometric processor is independent of wavelength. Hence co
the interferometric processor is equivalent to an ach- ffi 2FA 2Da 124)
romatic Fourier transform system... fT 2 f

For systems that use AO modulators or discrete For the on-axis point ao - 0, the cutoff frequency is
sources (e.g., the vector-matrix multiplier) as input a maximum and is given by
devices, the space-bandwidth product is typically input
device limited and can be easily defined. For a coherent , A cos. 25)
optical processor and an interferometric optical pro- -.
cessor, on the other hand, the space-bandwidth product where
is usually processor-limited and is dependent on many
factors such as the exact optical configuration, the f/No. 0 sin- tF\) (26)
of the transform or collimating lens. the aperture of the is the diffraction angle -hown in Fig. 10. Notice that
lens, and the performance of the lens. In the following, the cutoff frequency is wavelength dependent. We also
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. - ..input length. To maximize further the SBWP of the
sa°v multiple-grating interferometer, it is necessary to

minimize the length of the interferometer 2D. (This
is equivalent to moving the input closer to the Fourier

C,Iw transform lens in the case of a coherent optical proces-
C sor.) As we shorten the interferometer, the gratings

eventually collapse onto a single plane, and we essen-
tially have the single-grating interferometer. (This is
similar to putting the input right in front of the trans-

MUTIPLE form lens of the coherent optical processor.) . ,i
The above space-bandwidth product is computed

from geometric considerations. A second factor that
can limit the space-bandwidth product of the systemScmI . .is the dynamic range of the output detector array. The
bias level is determined by the integrated input signal

Fig. 11. Space-bandwidth products of a single-grating interfero- level
metric processor, a multiple-grating interferometric processor, and

a coherent optical processor. B I f da.B =J_[ad.-

point out that, except for the cosine factor, Eq. (25) As I increases so does the bias level. Thus the number
describes the highest frequency that can be coherently of input points that can be processed for the worst case
processed by a Fourier transform lens with aperture is equal to the dynamic range of the output detector.
width A, focal length f, and the input placed a focal The space-bandwidth product, however, can be much
length in front of the lens. In fact, an expression larger if the transform of the input consists of only a
equivalent to that of Eq. (24) for such a coherent pro- small number of points (e.g., a sinusoidal input). In
cessor is given in the Appendix. that case, the space-bandwidth product of the system

Now consider an input signal of length 21, extending is limited by the system geometry.
from a = -1 to ca = 1. The end point I establishes a We should note that the same dynamic range limi-
cutoff frequency vc(l). Although one could define a tation also applies to a coherent optical processor if the
space-bandwidth product (SBWP) given by the prod- complex output is to be read out with a detector array.
uct of the line length by the maximum cutoff, i.e., However, there is more flexibility with the coherent . -

41v,(O), it is more meaningful for arbitrary inputs to system. For example, if the input data are on a carrier
establish the SBWP only as specified over the uniform and the information around dc is unimportant, the
(nontapering) part of the spectrum as given by the reference beam can be lowered to a level corresponding
lowest cutoff frequency v, (1). Thus we define the to the highest signal level in the desired portion of the
SBWP as output spectrum. With the interferometric processor,

on the other hand, the bias is fixed at a level corre-
SBWP(1) = 41v,(1), (27) sponding to the dc output.

which with substitution from Eq. (24) becomes We emphasize that unlike many other optical systems "
that utilize gratings (e.g., the achromatic Fourier

SBWP(1 = - M 128) transform system), spurious diffraction orders do not
fT(2 f necessarily pose a problem for the grating interfero-

Equations (24)-(28) also hold for the single-grating metric processor. With the use of a beam splitter to
interferometer by letting D = 0. The single-grating decode the output, the spurious orders have minimal
interferometer can be considered to be the limit of the effect, since they propagate in directions away from the
multiple-grating interferometer as D approaches zero. output plane as long as the angular subtend of the input
It is seen from Eq. (28) that the SBWP is maximized for is less than the diffraction angle of the grating. This is
D = 0, i.e.. for the single-grating interferometer. true for both the single-grating and multiple-grating

It is worthwhile to compare the above results with arrangements utilizing beam splitters. For a multi- .

those for a classical Fourier transform lens used as a pie-grating system that employs a tilted grating to de-
coherent optical processor (see Appendix). The SBWP, modulate the output, the spurious diffraction orders are
defined in a similar way as for Eq. (28), for the coherent also not a serious problem. First, the higher diffraction

r processor is orders propagate away from the output plane, and for
the right arrangement they will not pose problem. The

cohISBWP(2/1 -, 21/. (sintan-'[(A - 21)/fl), (29) zero order does propagate toward the output plane, but
where the input extends from -A/2 to 21 - A/2. it can be suppressed significantly. For example, if a

In Fig. 11, the SBWP is plotted as a function of the thin sinusoidal phase grating is used, the powers in the
length of the input for the coherent optical processor various diffraction orders follow the Bessel functions.
and for the two-grating interferometer geometries. By adjusting the exposure in the fabrication of the
Note that for the multiple-grating interferometer and grating to where the zeroth-order Bessel function goesthe coherent optical processor, there is an optimum to zero, the dc term can be substantially suppressed.
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Furthermore, the zeroth order is incoherent with the A P
first orders that are being combined (large path differ- pJ,

ences). Thus the effect of the dc term that remains is
to add a small uniform bias to the output. Spurious =_
orders, however, do create serious problems when using 2 1
a tilted grating to decode the output of a single grating T
system, and such an arrangement is generally not de-
sirable.

ViI. Applicatlon,
The interferometric optical processor can be config- Fig. 12. Geometry of a coherent optical processor for the processing

ured to perform operations currently accomplished by of real inputs.

other optical processors. In addition, it can perform
operations that cannot be easily done otherwise, since
it operates on incoherent light. oped. The optical configurations presented are only

For example, to process a temporal signal, the scan- examples of many other possible implementations of the
ning electron beam of a CRT can be used to convert the interferometric optical processor. Alternative system
temporal electrical signal into a spatial formatted light configurations with different performance character-
signal. The processed output is received by a detector istics that are optimized for specific applications can be
array which is read out after integrating over the time developed.
of a complete scan of the electron beam. Such a system
can operate over a large range of frequencies by varying
the scan rate of the electron beam. The ease in ob- The work was supported by the U.S. Army Research
taining the real and imaginary parts of the complex Office. Parts of this paper were presented at the In-
Fourier transform output gives the interferometric ternational Optical Computing Conference, Apr.
processor a potential advantage over optical systems 1983.12
using A0 modultors and SAW devices.

The interferometer is a parallel processing device, and
its capability is not fully utilized when used to process Appendix: Space-Bandwidth Product of a CohereMt
single-channel temporal signals. For applications Optical Processr
where parallel inputs are available (e.g., from an an- For an optical Fourier transform lens to process the
tenna array), the inputs can be used to drive individual input signal without loss of information, all the light
LEDs in a linear array. Together with an array of in- emanating from the input aperture must be passed by
dividually addressable detectors, the system can be used the lens aperture, i.e., no vignetting. Consider the 1-D
to perform n-point discrete Fourier transforms at a rate optical processor illustrated in Fig. 12. At position a"
determined by the frequency response limit of the the cutoff frequency defined by geometry consider-
LEDs. As compared to the vector-matrix multiplier, ations is given by
the interferometric processor has the advantage of
simplicity requiring only simple gratings and collima- Y,(a) -X-t sinltan-l(A - 21a1)/21. (A)
tion optics instead of complicated 2-D masks and Thus the cutoff frequency varies along the input aper-
beam-forming optics. ture. It is possible to define a maximum space-band-

More important, however, is the ability of the inter- width product via
ferometric optical processor to operate on completely
incoherent inputs. The system, therefore, has the po- SBWPm., = 41v,(0). (A2)
tential to perform Fourier transformations on signals where the input is assumed to extend from -1 to +1 and
directly from the real world using light emanating from the extra 2 comes from the two sidebands. However,
the object scene itself. to insure that the input is processed without loss of in-

ViII. Summary formation, the highest spatial frequency of the input
must be limited to ,(1). Then the SBWP becomes

We have introduced an optical processor which is
capable of performing complex spatial I-D Fourier SBWP( - 41vh,(0. 1A3)
transforms on incoherent optical inputs. One possible If the input is real, the transform is Hermitian. One
implementation of the processing approach using a sid-band of the output spectrum can be discarded L
grating interferometer was presented, and the operation without loss of information. By placing the input
of an interferometric optical processor is experimentally asymmetrically from -A/2 to 21 - A/2, the (one-sided)
demonstrated. The potential ability of the system to cutoff frequency becomes
directly process images using the light emanated from

an object scene removes limitations imposed by input v (211 - %initan-I[A - 21)ifl). A41
devices and opens new avenues for optical processing. where 0 < I < .4/2. The SBWP becomes
The research on this type of interferometric processor
is still in it initial stages, and much has yet to be devel- SBWP'(1) 21p,(211. A.5)
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Passive Synthetic Aperture Imaging using an U
Achromatic Grating Interferometer

Anthony M.. Tai

Infrared and Optics Division
Environmental Research Institute of Michigan

P.O. Box 8618
Ann Arbor, Michigan 48107

ABSTRACT

Synthetic aperture imaging with active systems is relatively well

developed. The implementation of passive systems on the other hand,

is being hindered by low SNR and the difficulty in achieving two-

dimensional aperture fill. The achromaticity of the grating inter-

ferometer permits the use of a wider instantaneous spectral band-

width to produce better SNR and it provides a simple means to synthe-

size a two-dimensional aperture. A passive synthetic aperture imag-

ing approach implemented with an achromatic grating interferometer is

described and laboratory experimental results are presented to demon-

strate the proposed concept.
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I. INTRODUCTION

Synthetic aperture imaging is a familiar development in the

microwave wavelengths in the form of active SAR for fine image reso-

lution imaging without resorting to the use of impossibly large

antennae [1-3]. Relative motion between the sensor and the object
,-'....

scene is employed to generate synthetic aperture data. In parti-

cular, Walker showed [4] that through polar formatting, two-

dimensional synthetic apertures of rotating objects can be generated

with a range-Doppler imaging system. An imaging radar operating in

such a mode is often referred to as a spot-light SAR since the radar

is locked onto a fixed point in the target scene. Aleksoff [5] has

also demonstrated the interferometric imaging of rotating objects in

the visible wavelength using a fringe projection approach. Synthetic

aperture systems utilizing either the range-Doppler or the fringe

projection approaches are active systems. That is, radiations are

launched by the imaging system and the fields reflected by the object

scenes are measured. In this paper, a passive approach implemented

with an achromatic grating interferometer for fine resolution imaging r
of incoherent scenes is described.

Passive synthetic aperture imaging techniques (or aperture syn-

thesis) have been employed in astronomical imaging for sometime. The

radio telescope is a prime example. An array of antennae are used

with the earth rotation to generate the synthetic aperture [6].

While the operation of the active systems is based on coherent
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diffraction theory, the operation of passive systems is based on the .

van Cittert-Zernike theorem. A coherent active system makes use of

the Fourier transform relationship between the complex amplitudes at "-..

two widely separated (object and detection) planes. The synthetic

aperture is generated by measuring the complex amplitude of the

reflected radiation at the detection plane. The passive approach on

the other hand, takes advantage of the Fourier transform relationship

between the intensity distribution of an incoherent field at the

object plane and the mutual coherence of the field at the detection

plane. The synthetic aperture is therefore generated by measuring

the spatial coherence of the field at the detection plane. The

Fourier transform kernel is scaled by wavelength. This fact permits

synthetic aperture imaging systems with fixed baselines to generate

radial fills of the synthetic aperture. This wavelength dependency

however, also limits the instantanteous spectral bandwidth that can

be used with either the active or the passive systems. Too large an

instataneous bandwidth can produce a smearing effect in the phase

history signal (transform data) and reduce the system signal-to-noise

ratio. This restriction does not pose any problem for active systems

but it limits the performance of passive interferometric imaging sys-

tems. Natural emissions and illuminating sources are spectrally very

wide band and the SNR of the images reconstructed with a passive

interferometric imaging system is directly proportional to the

instantaneous spectral bandwidth. System sensitivity can therefore
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be improved if a means can be found to increase the instantaneous

spectral bandwidth without suffering the signal loss due to the wave-

length dependency of Fourier transformation.

* - In this paper, we introduce the use of an achromatic grating

interferometer for passive synthetic aperture imaging of rotating

objects in the visible region. The achromaticity of the grating

interferometer permits the instantaneous spectral bandwidth to be

widened substantially while maintaining the capability to use

wavelength diversity to achieve aperture fill. And as we shall show,

the achromatic grating interferometer also offers other operational

advantages over conventional interferometric systems when used for

passive synthetic aperture imaging. A system design approach and

preliminary experimental results demonstrating the proposed passive

synthetic aperture imaging concept are presented.
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II. PASSIVE INTERFEROMETRIC IMAGING

Consider the system geometry as illustrated in Figure 1. An

object field A radiates according to its blackbody temperature and

the emitted radiation is received by an antenna pair located at Q,

and Q2" The emitted electromagnetic field is both temporally and

spatially incoherent. However by filtering the received signals with

a narrowband filter, the field may be treated as temporally coherent.

(The filter bandwidth necessary to achieve coherency will be dis-

cussed later.) Let Eo( l, 1) and E o(2, B2) be the wave

disturbances on the object plane. By using the Huygens-Fresnel prin-

ciple, the wave disturbances at (x1, Y) and (x2, y2) due to

the radiation from the object scene can be written as [7]

-i(kRl -t)
E(Xl yl) -ff Eo(a 1 B1) e d 1 ds (1)

R' l 1

and

-i (kR2 _,t)
Eif o e da2 da (2).-

E(x2, Y2 ) =xff °2' 82) e R 2 (2)

where x is the wavelength corresponding to the center frequency of

the filter, R1  and R2  are the distance between (al' 81) -

(xl' Yl) and (a2' 82) - (x2, Y2) respectively, k is the

wave number and w the angular frequency of the radiation, and Z

represents the support of the object scene. Since the radiation is

assumed to be quasimonochromatic, we shall from here on, neglect the

time varying phase factor and let E E e
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The mutual intensity between the fields at (xl, y1) and

(x2,y 2)is given by

J(x 1 ,y1 ; x 29Y2  <E(xl,y1 )E*(x 21Y2)> (3)

where <.> denotes ensemble averaging. The complex degree of spatial

coherence (CDSC) is related to the mutual intensity by

~i~1,y, xy 2  =J(x 1,yl; x2,y2)
JI(x ,Yl),(x2'y2)

Using the Fresnel approximation, it can be shown that [6]

ei 2w i2ff(umv

ff I2'~ (a a) e ~ v)da do (5)

ff I(a, B) dcz do 2)R

where u = (x I - 2 R and v (y 2- R and

p2 (x + y ( 2 + y )]/2RX. The CDSC ,~ 2 u

is equal to the Fourier transform of the object intensity distribu-

tion multiplied by a quadratic phase. If the far field condition is

i 2 1Psatisfied, then 4=0 and e 1, the CDSC becomes

m12(u. v) =K ff I(m, a) e i2(~v)da do (6)

where K is a complex constant.

We see that the CDSC is related to the intensity distribution of
the object field by a Fourier transform relationship. We can there-
fore reconstruct the object image by performing an inverse Fourier
transform on the CDSC function.
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III. CONVENTIONAL APPROACHES

The CDSC can be obtained with Young's simple two-pinhole arrange-

ment or equivalently, Michelson's stellar interferometer, by measur-

ing the complex visibility of the interference fringes. The complex

fringe visibility function is defined as

x1y , 2) 2I(,Y I)  JI(x2 ,y2)
ly; x2,Y2) - i(xl,yl) + I(x2 Y2) U(x1,Yl; x2,y2)

Except for very near field conditions, we can generally make the

approximation, I(xlYl)) = I(x 2 ,Y2 ) and we have

v(u,v) =(uv). (8)

To measure the CDSC via the visibility function is not very efficient

since the interference pattern must be scanned out with a small

detector to determine the phase and modulaticn depth of the sinu-

soidal fringe pattern. An alternate approach is to use a beam

splitter to recombine the fields gathered at (xlyl) and

(x2,y2 ) such that they propagate coincidentally. The entire

output can then be focussed on and detected by a photo detector.

The output, as we shall show, corresponds to the inphase portion of

the Fourier transform sampled at spatial frequency (u, v). The

quadrature part can be obtained by shifting the position of the beam

splitter to generate a w/2 phase difference between the recombined

fields. By changing the positions of (xlYl) and (x2 ,Y 2 )

different spatial frequencies of the object is measured. A large

aperture can then be synthesized in time.

43

S *-'..h..-..-.*..*..-**~~~'- . . -.



'ERIM

In interferometric imaging as described above, the detected field

is assumed to be quasimonchromdtic. Natural emission and illuminat-

ing sources tend to be spectrally very wide band. To obtain co-

herency, the instantaneous spectral bandwidth of the received signal

must be limited with a narrow band spectral filter. In the follow-

ing, we examine the maximum instantaneous spectral bandwidth that

can be used with a conventional system. A two-dimensional analysis

will be used for two reasons. First, the number of terms is reduced,

making the analysis easier to understand. Second, the interferometer

itself is a one-dimensional system, performing at any single moment,

the correlation of the fields between two points in the detection

plane. A two-dimensional model comprised of the direction of pro-

pagation and the direction of the lateral separation (or shears) of

the fields to be correlated, thus provides an adequate description

of the system operation at any one time.

Consider a single point radiator in the far field as illustrated

in Figure 2. The source is assumed to be located so far away that

the field detected by the two detection apertures can be considered

to be parts of a plane wave with the angle of incidence determined

by the position of the source. The fields at the two apertures can

be described by

-1i [(R+Ar) l-,, ]"

El( ) = e .. .
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and K

.2i E('-r) 71-71pE e (9)
E2(a) fo (%) e

where R' is the target range. o( o) is the field intensity at the
0

detection plane due to a point source located at a distance a from

the optical axis, and p = sin ( atn [(a oR)]/)= ao/Rx is the

spatial frequency of the incident plane wave. (For a 2-dimensional -

object field, a is the position of the point source after it is

projected onto the a axis.)

The total path difference from the source to the two detection

apertures is

2Ar i0

where S is the separation of the apertures. Z the fields are made

to interfere with each other, the correlation output is equal to

I( o  C O(o) [1- cos 4r I - (10)
0 0V

where C is a complex constant. Using the Fresnel approximation, we

have

( ) Co(C o) l - cos [ . (I - -F-)]'

= ~ ~ {l -cos [21raoS a0
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For small o.

2
0 << i%" "

2R2

we can further approximate the correlation output intensity and obtain

I(o- C O(a i cos (2u ] (12)-

where

S
U =

Integrating over the entire object scene, we obtain a cosine trans-

formation relationship plus a bias term.

lo(U) : c f O(a ) da0 + C f O(ao) cos (2nu 0 ) d o0  (13)

by adjusting the optics such that a w/2 phase difference is inserted

between the two interfering fields, it can be shown that the correla-

tion output intensity becomes

I (u) C f o(ao) d C f o(0 ) sin (2,uao) da°  (14)z z.:'"

Both the inphase and quadrature components of the Fourier transform

can therefore be obtained.

The transform kernel u = S/xR is wavelength depen-

dent. To see how wide an instantaneous spectral bandwidth can be

used with a conventional interferometer, let us restrict the maximum

phase misregistration to 1/4 of a wave. That is,

S O  S o  1
0T-' " (T * R < 4"
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The instantaneous spectral bandwidth must then be limited to

4(Sc xR (15)-

for o= 0 (i.e. an on-axis point source), we have ax < x, the r

spectral bandwidth is unlimited. This is to be expected. For a

point source at the optical axis, the path difference to the two

detection apertures is zero.

The instantaneous spectral bandwidth decreases with increasing

With the "spotlight" mode of synthetic aperture imaging, the

system field of view (FOV) is defined by the footprint of the real

aperture and it is locked on to a fixed point in the target scene.

Thus, for a point target located at the edge of the FOV, we have

Co= Rx/IA where A is the diameter of the detection aperture. The

instantaneous spectral bandwidth that can be used with a conventional

system for passive synthetic aperture imaging is therefore equal to

S.o'
X )

For example, if x =0.55 umn, and A/S =1/20, then ax < 6.3 nm.

I
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IV. ACHROMATIC GRATING INTERFEROMETER

The achromatic grating interferometer has been studied exten-

sively and applied to many applications [8-11 ]. Tai and Aleksoff in

particular, has utilized it as an incoherent optical processor for

real time Fourier transformation [11 ]. The transform operation is

p limited to a single dimension and it could create difficulties in

some applications. This limitation however, does not represent any

drawback for synthetic aperture imaging since under most operating

conditions, a long baseline is available only along a single dimen-

sion (e.g., along the fuselage of an airplane).

For the same reasons stated earlier, a two-dimensional model will

be used to describe the operation of the grating interferometer. In

Figure 3, we show the basic geometry of a grating interfermeter that -

can be used for passive synthetic aperture imaging. It is composed

of three gratings of the same spatial frequency F. Light waves

impinging on gratings G1 and G2 are diffracted and recombined at

- G3 which is placed a distance d from the plane formed by G1 and

G2 . The gratings G1 and G2 also represents the input apertures

and they have a width of A and are separated by a distance S. After

being diffracted by G3, the recombined fielcds propagate coinci-

dentally and are focussed down onto a photo detector of width Wd.

Let us assume as before, that the object plane is sufficiently far

away that the light field emanated by a point source in the object

scene may be considered to be a plane wave as it impinges on the .
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input apertures of the grating interferometer. Thus, for a single

point source of intensity 0( ) located at a distance ao from

the optical axis as shown in Figure 3, the field right before it is

diffracted by the grating G3 is equal to

ri:..

+ exp [i2n(p + F)x - ikRl -= - X ikd X1 2(p F)2( F
0l

. (17)

where F is the spatial frequency of the diffraction gratings, p =

sin [atn (o/R)]/ and k 21T/X. The corresponding intensity dis-

tribution can be written as

(C'. CO( -1 -Cos .4Fx ( 1 (p (p F)
G 0()

where is an aooropriate constant. Using a grating G3 ,vith spatial

frequency F to recombine the beams diffracted by GI and G2, the field

intensity is demodulated back to base band and the intensity distri-

bution right after being diffractec by G3 becomes

I~) CO(30  1-Cos~~ (Ii X 
2 (p + )? - -2(p 77(( 9

If we expand the square-root terms into binomial series and keep only

the first order terms, we obtain
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2Fda oI = CO(a.) [1 - cos 2(T 0  (20)

G R

We see that the output intensity, to the first order, is not a func-

tion of wavelength. The object scene within the FOV of the inter-

ferometer can be considered as a superposition of incoherent point

sources. The output intensity due to the entire scene can then be

expressed as

10 (u) Cf 0(O) d+ C fO(a) cos (2wum) da (21)

where

2Fdu = ,

which gives a cosine transform relationship together with a bias

term. If we translate grating G3 laterally by 1/8 of a grating

period, the phases of the two fields being recombined are shifte

achromatically by ±/ 4 . it can be shown that the output intensity

becomes

1o0) + C o(c)d, C 0ro(a) sin (2,ua) dot (2_

giving the sine transform of the intensity distribution of the inco-

herent source.

For a given value of F, d and R, the grating interferometer mea-

sures the source spectrum at a spatial frequency of u = Fd/R. Unlike

the conventional system described earlier, the transform kernel is

not wavelength dependent.

50
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V. ACHROMATICITY U

The achromaticity of the grating interferometer can be explained

more intuitively by noting that the spatial frequency measured is

equal to the u(x) = S/AR where S is the lateral separation of the

fields being correlated. To make the measurements achromatic, it is

necessary that S be also wavelength dependent such that u = S(x)/xR .

constant. The grating interferometer satisfies this requirement to

the first order by the fact that different wavelengths are diffracted

at different angles such that at a given distance d where the fields

from the two inputs apertures are recombined, the separation S of

the fields being correlated are approximately proportioned to X as

illustrated in Figure 4. The range of lateral shear for given grat-

ing separation S is limited to S ± A/2. If the interferometer is L

achromatic, then

Rx
) = Constant. (23)

Thus,

R(x + x/2) R(x - Ax/2) {)
S+A - S-A

and the instantaneous spectral bandwidth of an achromatic system is

equal to

2Ax2Al=T  (25)

The bandwidth is 8 times wider than that of a conventional system as

computed earlier (see Eq. 16). The grating interferometer is
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achromatic only to the first order. There is no guarentee yet that

it is achromatic over the desired spectral bandwidth of LXI.

In the following, the achromaticity of the grating interferometer is

analyzed using a third order analysis.

In the previous section, we have shown that for a point source

located a distance a from the axis, the output intensity can be

approximated to the first order by

I0(a) =COW~ [1 -Cos (26) Y,

The grating interferometer is thus achromatic to the first order if

the far field condition is met. If we expand Eq. 19 and keep all

the terms up the third order however, we obtain

I~ Z~ CO(a) {1 - cos 27rxpFd (2 + xF2 +. X~ .p + F4 + 224

(27)

Since the FOV is confined to within the foot print of the real aper-

ture, p generally is small and we can further aoproximate the output

intensity distri6ution by

I = CO() 1 - cos[ ( 2 x2 F2 + (28)

We find that the system is not achromatic to the third order even if

the object plane is located at far field. While the field is demod-

ulated achromatically (i.e. the spatial frequency of the output light

"S,.,
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intensity distribution is zero), the phase of the output cosine func- U

tion is wavelength dependent. Let us once again, limit the maximum

misregistration to with 1/4 wave. That is,

4 4 4
Fda 2 + 

2F2 +F ) - (2 + (x + ax)2 F2 + 3F4 (A Ax) 4  I

(29)

Then, the spectral bandwidth of the system must be limited to

2 3 4 3
aX2= R/4aFd(2xF

2 + F x3 ) (30)

For an on-axis point source (a =0), the system is completely achro-

matic. The system however, must remain achromatic for all points

within the FOV. For a synthetic aperture imaging system, the FOV is

defined by the footprint of the real aperture. Thus, the worst case

represents = Rx/A. And since d = AS(x)/2 tan [e(x)] where AS(x)

is the shear distance and e(x) is the diffraction angle for the

center wavelength x, the spectral bandwidth can be rewritten as

Ax2= Ax/2Ns(x) cos e(x){ 2[sin 2 6(X)]/x + 3[sin 4 (0)]/2x (31)
2=

We see that the achromatic spectral bandwidth is highly dependent on

the diffraction angle e (or equivalently, the soatial frequency of

the gratings). To increase the achromatic bandwidth, e must be made

small. However, reducing the diffraction angle will increase the

overall size of the interferometer. The light waves from the two F

input apertures have to travel a longer distance before they overlap.

Thus, the optimum spatial frequency for the gratings in the

53
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interferometer is one that provides an achromatic bandwidth that is

just sufficient for the system operation.

Since the range of shear distances is limited by the system geo-

metry to AX 1=2AXlS, the grating interferometer only has to be achro-

matic over AX The optimum spatial frequency for the gratings in

the interferometer can be obtained by making the third order achro-

matic bandwidth in Eq. 31 equal to the desired achromatic bandwidth

in Eq. 25. The two spectral bandwidths are equal when

2sin o___x)_4 cos e(A) 2 2 e(x) +3 sin 4 e(x) 1 (32)

or e(x) 20.50. For a center wavelength of x 0.55 lm, the optimum

spatial frequency for the gratings will be

sin e(x) = 700 lp/mm.

If a FOV larger than 2Rx/A is desirad a larger FOV can be

achieved by simply using a larger detector since the FJV is defined

by P * Wd where P is the point spread function of the real aperture

projected out to the object plane, Wd is the width of the photo

detector and * denotesconvolution, then a lower spatial frequency F

must be used to maintain the achromatic property over the entire FOV.

54
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VI. APERTURE FILL

For a given interferometer geometry, the correlation output pro- v-.

vides the value of the object spectrum at a single spatial frequency.

The system geometry must be changed to generate transform data at

other spatial frequencies in order to synthesize a two-dimensional

aperture. First, if there is relative rotational motion about the

optical axis between the object scene and the interferometer, trans-

form data can be gathered along a circular arc in the transform

plane. Second, if either the baseline or the detection wavelength

is varied, transform data along a radial line in the transform plane

is obtained. Combining these two effects, a two-dimensional aperture

can be synthesized. The means to achieve such an aperture fill will

be discussed below.

Let us assume for now that the interferometer is looking straight

down at the object scene located at the optical axis. The interfer-

ometer output provides the transform data at a single point in the

Fourier transform plane. As the object (or equivalently, the inter-

ferometer) rotates about the optical axis, data is gathered along a

circular arc. To see what the phase history will look like as the 7,

target rotates relative to the sensor, consider a single point target

located at a distance a from the optical axis. Its Fourier spec-
04

trum is a linear phase in the x-direction and the in-phase or quad-

rature portion of the Fourier spectrum is a sinusoidal pattern with

spatial frequency of approximately ao/Rx. The interferometer

55
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measures the Fourier spectrum of the object scene at spatial fre-

quency u = s/Rx = 2Fd/R, v = 0. As the target or the interferometer

rotates, the cosine/sine transforms of the object spectrum is at u

cos(e) s/Rx and v = sin(e) s/Rx are measured where e is the angle of

rotation. The correlation output of the interferometric sensor as a

function of time (phase history) can be written as

4w sin (tan (S/2R)) a[1 cos (t-)
{t)=l +(Cos nc

0 0

which can be rewritten as

I o( o, , t) = 1 cos kQoEl - cos (Wt - - )] (34)

where @ is the angular position of the point target relative to the

a axis, w is the angular rotation rate and k is a constant.

In Figure 5, we show the correlation output as a function of time

for point targets located at different positions (, ) in the

object scene as the object is rotated relative to the interferometer

at a constant rate. Since an incoherent input scene can be con-

sidered as an superposition of incoherent point radiators, the cor-

relation output for an extended source as the object rotates can te

expressed as

N

OM(t) + *Cos [kn (1-Cos (t*n))]}(5
n=l

-4
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Radial fill of the synthetic aperture can be achieved with the

use of baseline diversity or wavelength diversity. Since the spatial
9-...

frequency measured is determined by S/RX, it can be changed by vary-

ing S, the separation of the detection aperture (baseline) or x, the r

detection wavelength. Baseline diversity can be accomplished with

the grating interferometer by moving the three gratings closer or

apart as shown in Figure 6. However, it may not the desired mode of

operation for synthetic aperture imaging since it requires t he use

of large input windows to accomodate the change in baseline. It is

often more preferrable to keep the input aperture fixed and achieve

the radial aperture via the use of wavelength diversity. On the

surface, it may seem that the use of wavelength diversity with an

achromatic system is contradictory. We note however, that the inter-

ferometer has a finite instantaneous bandwidth and the whole band

can be slid back and forth to obtain the wavelength diversity for

radial aoerture fill. This is accomplished by changing d, the sepa-

ration between gratings Gl-G2 and G3. Recall from Eq. 21 that the

spatial frequency measured by the interferometer is equal to 2Fd/R.

Changing d thus varies the spatial frequency measured. It can be

seen from Figure 7 that changing d is also equivalent to changing

the center wavelength of measurement x. The instantaneous achromatic

bandwidth remains 2Ax/S for any d. The factor of 8 gain in SNR is

maintained over the entire synthetic aperture.

For a single point source located at (o l ), varying d at a

constant rate will generate a correlation output of

V- 

,
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I ( 3 0 , t)=l +Cos k~-E 0 T- (36)

where T is the linear translation rate of grating G3 and k' is a

constant. The correlation output as a function of time is a sinusoid

whose frequency is dependent on the position of the point source

(aoo

together to generate a two-dimensional aperture. Unlike tomographic

imagngsynthetic aperture imaging systems generally gather trans-

r dta sover an angular range much less than 90 degrees and the

two-dimensional aperture synthesized is typically a segment of the

iangnnul as shown in Figure 8. The image (half-power) resolution

in the ground plane is approximately equal to

72

Rx R 2

u

R_ RX (37)
Av 2 S sin (-)

where ae is the angle of rotation. The resolution in the direction

is proportional to x- instead of x because the size of the

synthetic perture is proportional to ax/x. The aperture is larger

for smaller x if 6x is fixed. For example, a real aperture imaging

system operating at 0.5 urm with a 10 cm aperture can achieve a ground

plane resolution of 5 m x 5 m at a range of 1000 Km. A passive syn-

thetic aperture imaging system with the same real aperture size and

58 "
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an aperture separation of 2 m on the other hand, can achieve a ground

plane resolution of 0.63 m x 0.58 m at the same distance with

0.5 urn, ax = 0.2 urn, and e = 250.

To synthesize a two-dimensional aperture using the grating inter-

ferometric sensor, there are two possible approaches that can be r
taken. First, the grating G3 can be dithered back and forth along

the optical axis (changing d) as the target rotates. This creates a

two-dimensional synthetic aperture that is continuous in the radial

direction as shown in Figure 9(a). Alternately, multiple demodula-

tion gratings (G3) placed at different positions along the z-axis of

the interferometer can be used to measure several spatial frequencies

simultaneously. As the object scene rotates, an aperture composed

of continuous arcs is obtained as illustrated in Figure 9(b). The

advantage offered by the former approach is that only a single demod-

ulation grating and detector is required. However, in some operating

modes where the time available for data acquisition is restricted, it

may not be feasible to dither the the grating fast enough to synthe-

size an acceptable aperture. The latter method gather multiple

transform data simultaneously. Its drawback is the need for multiple

sets of hardware such as gratings, detectors, amplifiers etc. The

approach of choice will be dependent on the operating reruirements Cf

the particular application.
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VII. IMPULSE RESPONSE

In the above formation for image resolution, the synthesized

aperture was for simplicity assumed to be completely filled and has

rectangular dimensions of Au, an. AV . However, the synthesized

aperture is likely to be a segment of an annulus and it is contin-

uously filled along either radial lines or circular arcs. For a

single point target, the shape of the impulse response (IPR) may not

be important; the main concern is the width of the IPR which defines

image resolution. In the imaging of an extended object however, the

shape of the IPR (sidelobe structure) plays a vital role in the image

quality. In this section, we examine what the impulse responses look

like with different aperture fills. As described in the last sec-

tion, a two-dimensional aperture can be synthesized by: (1) dither-

ing the grating G3 along the optical axis of -he interferometer or,

(2) using "multiple dernodulation gratings placed, at different posi-

tions along the optical axis. The first approach produces continuous

radial fill and the later approach produces continuous circular arcs.

First, we show in Figure 10, the transforr of a single radial

line obtained by translating linearly the grating G3 along the opti-

cal axis while the object is stationary. Withoiut object or inter-

ferometer rotation, high image resolution is obtained only along the

direction through the use of wavelength diversity. If there is

object rotation, then a two-dimensional synthetic aperture can be

generated by dit ering the grating G3 back and forth along the
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optical axis of the interferometer. The aperture fill obtained by

dittering the grating is shown in Figure lla and the resulting

impulse response is given in Figure lib. (The synthetic aperture

used to obtain Figure llb contained 25 radials lines. Much fewer r

lines are shown in Figure Ila in order to illustrate the structure

more clearly.)

If the position of the grating is fixed, then a circular arc of

transform data as shown in Figure 12a is obtained by rotating the

object or the sensor. The bow tie-like impulse response of such an

aperture is shown in Figure 12b. For this case, high image resolu-

tion is obtained in the a direction where a large aperture is synthe-

sized through the rotating motion of the object or the sensor. By

using multiple sets of gratings and detectors, a two-dimensional

aperture fill as sho,;vn in Figure 13a is obtained. The corresponding

impulse response of a synthetic aperture containing 25 arcs is given

in Figure 13b. The impulse responses obtained with the two

approaches for aperture fill are different in fine structures but

their over all image qualities are about equivalent. We may note

also that the two approaches can be combined. A small set of

grating/detectors may be used to obtain simultaneous measurements of

several spatial frequencies and the gratings may also be dithered

together to fill in the gaps. Combining the two approaches would r

reduce the number of grating/detector sets required and decrease the

amount of grating travel needed to fill the desired aperture when
"61
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compared to systems utilizing either approach alone. The minimum

spacing required between transform data is dependent on the size of

the FOV. Further the target is from the scene center (optical axis),

steeper is the linear phase at the transform or detection plane. In

practice, one would like to have at least two and preferrably four

samples per cycle. This sampling requirement dictates the speed with

which the grating is dit ered in the first approach and the spacings

of the d modulation gratings in the second approach.

612
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VIIl. EXPERIMENTS

A grating interferometer was set up in the laboratory and exper-

iments were performed to demonstrate some of the concepts described

above. It is difficult to perform optical synthetic aperture imaging

experiments in the laboratory because of the problems posed by the

short target range that is available. First of all, the grating

interferometric sensor requires the far field condition to be satis-

fied between the object and detection planes. Moreover, image reso-

lution at optical wavelengths at such short ranges are very high.

This would require the use of either a very small sensor or a very

small target scene.

The gratings we used in the experiments were fabricated on

dichromated gelatin using two plane waves in a symmetric geometry to

produce a spatial frequency of 500 Io/m. :eally, grating G1 and -.

G2 should be faoricate ,qith an asymmetric geometry such that dif-

fraction favors a single order while the grating G3 should be fabri-

cated with a symmetric recording geometry to produce two (*I) orders

of equal intensity. However, to ensure that I the gratings have

identical spatial frequency, the same recording geometry was used

for all the gratings. ..-

The experiment was performed on a 4' x 8' optical bench. it pro-

vided a target range of about 1.5 m. In order for the FOV to be of

workable size, a real collection aperture of 0.5 mm qas used. The

63



, - .".
"L '

-. 
' '  "*r. '--.--- - -

' 
-

-
- N 

- " ' ' - ' '  '  < 
-

; ' 
.

'
.. - .

"  ' ' '  
r. -, - . . .. - - .- . - : -- r . .. - - -

V'RIM

size of the corresponding point spread function at the object olane

was 1.5 mm. The apertures were separated by 10 mm, giving a A/S

ratio of 1:20. Since the aperture separation is so small, gratings

Gl and G2 were implemented by masking off a single grating instead

of using two individual gratings. To simulate the far field condi-

tion at such a short target range, an achromatic lens with a focal

length of 1.3 m ir placed in front of the grating as shown in Figure

14 to collimate the incoming field. To study the responses of the

grating interferometer and compare it with theory, a rotating wide-

band point source was generated by rotating a pinhole that is back

illuminated by an unfiltered Xenon arc lamp. To be a "point" source

to the sensor, the size of the source must be smaller than the period

of the spatial frequency being measured. For the system geometry

used in the experiment, it means that the source diameter must be

less than 75 pm. A 25 Lm pin hole was useu in our experiments.

Grating G3 was placea at an nominal distance of 17.5 mm from Gl-G2

and it was mounted on a stepping motor driven linear translation

stage in the Z direction and a piezoelectric driven translator in

the x direction. The output light field was focussed on a fiber

optics probe and detected by a photomultiplier. The outout intensity

was then digitized and transferred to a comouter.

In Figure 15a, we show the sensor output with the geometry of the

grating interferometer fixed and the point source rotating over an

angular range of *45°. It is identical to the phase history
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described by Eq. 34 and presented in Figure 5. The grating G3 was

then translated by 1/8 of a fringe producing a *w/4 phase shifts on

the recombined fields. The quadrature data was obtained as shown in

Figure 15b.

To observe the ability of the system to resolve images in the B

direction with the use of object rotation to build a synthetic aper-

ture, the point source was placed at a starting position as shown in

Figure 16a and the output is compressed to form a point image in the

a direction. In Figure 16b, we show the ideal theoretical sensor

output and in Figure 16c, the experimentally obtained data. The

corresponding compressed image is shown in Figure 16d. Next, the

starting point of the rotator point source was retarded to simulate

a second point target off-set along a circjlar arc as shown in

Figure 16e. The sensor output is given in Fiaire 16g and the com-

pressed image in Figure 16h. We see that the compressed image is

off-set accordingly.

To observe image compression in the x dir'ection ising wavelength

diversity to generate the synthetic aperture, the grating G3 was

translated at an uniform rate while the point target was kept sta-

tionary. In Figure 17a, we show the position Df the point source

and in Figure 17b, the sensor output. It is a sinusoidal pattern as

described in Eq. 36. The compressed image is shown in Figure 17c.

The point source is then moved closer to the optical center and the

resulting sensor output is shown in Figure 17d and the corresponding
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compressed image is given in Figure 17e. Once again, the difference r

in the location of the two point sources along the a direction is

resolved.

r

The experiments performed were simple, demonstrating separately

aperture synthesis along the two dimensions using object rotation and

wavelength diversity. Nevertheless, the experimental results demon-

strate very well the feasibility of using an achromatic grating

interferometer for passive synthetic aperture imaging of spectrally

wide band object scenes. Work is continuing toward the demonstration

of passive synthetic aperture imaging of two-dimensional extended

objects.

LI
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IX. COMPARISON WITH CONVENTIONAL INTERFEROMETERS

We have shown in Section V that a subtantially wider instan-

taneous spectral bandwidth can be used with the grating interfer-

ometer than with a conventional interferometer, thereby giving the

grating interferometer better sensitivity. There are also opera-

tional advantages in using the grating interferometer. In a conven-

tional system, the measurement wavelengths and thus the spatial fre-

quencies, are selected with a bank of narrow band spectral filters.

With the grating interferometer on the other hand, it is determined

by the position of the gratings which can be varied continuously.

Therefore, continuous radial fill is difficult to achieve with con-

ventional interferometers (without changing the baseline) but simple

to implement with a grating interferometer. Due to the sampling

requirements, measurement at many wavelengths is often required to

generate an adequate aoerture fill. The number of parallel channels

required could be fairly large (>30). The grating interferometer

provides the option of using a single or a small number of parallel

channels. The aperture fill is obtained by simoly dithering a single

or a small set of gratings.

The grating interferometer is also less sensitive to system

vibrationsand accurate phase shifts can be more easily achieved

since the phases of a diffracted waves are determined mainly by

the lateral position of the grating fringes. Moving a grating later-

ally by one fringe period (5 urn) produces one full w,,ave of phase

67
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shift. It is therefore 10 times less sensitive to component motion

than conventional interferometers that employ mirrors and beam .

spl itters.,-.
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X. SUMMARY [

In this paper, we have introduced the use of a grating interfer-

ometer for passive synthetic aperture imaging. Since natural emis-
r

sions and illuminating sources are spectrally very wide band, the

larger instantaneous spectral bandwidth permitted by the grating

interferometer provides the grating based sensor with better system

sensitivity than conventional systems. Moreover, the grating inter-

ferometer provides a simple means to achieve radial aperture fill

through the use of wavelength diversity and the interferometer is

more tolerant to system vibration. Possible operating modes that

can be used to generate two-dimensional synthetic apertures were pre-

sented and the resulting impulse responses were compared. Simple

experiments were performed to demonstrate the concepts proposed and

the results were consistent with theories.
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Figure 8: Band Pass Synthetic Aperture Generated by Object Rotation
and Wavelength Diversity.
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Figure 9: Synthetic Aperture Generated by a) dittering the grating G3 while
the object rotates, and b) utilizing multiple demodulation gratings.
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Figure 10: Reconstructed Image of a Point Target witn a Single Radial
Line of Transform Data.
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Figure 11: Impulse Reponse of a Synthetic Aperture Generated by Dittering
Demodulation Grating G. a) Synthetic Aperture and b) Reconstructed
Image of Point Target.8
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Figure 12: Impulse Response of a Single Arc of Transform Data. a) Synthetic
Aperture and b) Reconstructed Image of a Point Target.
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Figure 13: Impulse of a Synthetic Aperture Generated with Multiple
Demodulation Gratings. a) Synthetic Aperture and b) Reconstructed
Image of a Point Target. 8
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Figure 14: Experimental System for the demonstration of Passive Synthetic
Aperture imaging Concept.
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Figure 17: Experimental Results Demonstrating Image Compression in the '

a-Direction using Wavelength Diversity for Aperture Synthesis.
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